Minimization of dental implant diameter and length according to bone quality determined by finite element analysis and optimized calculation Type of article: Original Article Abbreviated title: Minimization of dental implant according to bone quality Key Words: implant, bone quality, finite element analysis, mandible, optimization Number of pages in the text: 29 Number of tables: 3 Number of figures: 5 Quantity of reprints: 0 2 Abstract Purpose: The purpose of this study was to investigate the influences of bone quality and implant size on the maximum equivalent elastic strain (MES) in peri-implant bone using finite element (FE) analysis, and to minimize implant size via optimized calculation based on MES. Methods: Three-dimensional FE models consisting of a mandible and a titanium implant with a superstructure were constructed and applied a vertical load or an oblique load of 60N. We investigated the effects of four variables: the thickness of the cortical bone (C), Young's modulus of the trabecular bone (T), and the diameter (D) and length (L) of the implant.
Introduction
Diagnosis of the quality of bone is essential for dental implants. Both the Leckholm & Zarb [1] and Misch [2] classification systems of bone quality for dental implants are widely used as indices for planning implant treatment, and are based on CT and panoramic X-ray images.
It is obviously better to select implants that are as large as possible because of their better biomechanical features.
However, the size or quality of bone may not allow implants with sufficient size. Although bone augmentation can make it possible to use implants with sufficient size, it also has problems such as invasiveness, the treatment period, graft materials, prognosis, the requirement for surgery and cost.
To diagnose the sufficient size of implants and/or the necessity of bone augmentation, a standard for the smallest size of implants in relation to the bone quality from the viewpoint of biomechanical features would be quite helpful.
Therefore, we investigated the influences of the thickness of the cortical bone and Young's modulus of the trabecular bone as typical variables indicating bone quality and the size of the implant on the strain in bone 5 around implants using finite element analysis (FEA) and optimized calculation combined with response surface methodology, and attempted to clarify the selection criteria for the implant size from the viewpoint of biomechanics. Hereafter, thickness of the cortical bone and Young's modulus of the trabecular bone are collectively referred to as just "bone quality". 7 The loading conditions simulated masticatory force. The loading point corresponded to the central fossa of the occlusal surface, and the total amount of the load was 60N. The load directions were twofold: a vertical load along the axis of the implant, and a oblique load directed 15 degrees lingually lower toward the implant axis ( Fig. 1 ). Since the FE analysis was performed with the mesial (distal) half of the whole area considering the symmetry, the exact load in the analysis was reduced by half, i.e., 30N.
Variables
We investigated the influences of four variables: the thickness of the cortical bone (C), Young's modulus of the trabecular bone (T) and the diameter (D) and length (L) of the implant ( that the dispersion of the variables showed a normal distribution to minimize the statistical error. The response surface could be displayed as a curved surface if two arbitrary variables were selected from C, T, D and L.
Optimized calculation
Based on the response surface, the diameter and length of the implant were minimized while keeping the maximum strain within 3000 microstrains, 9 which is the physiological limit in the mechanostat theory [5, 6] , by optimized calculation. The length and diameter of the implant were minimized independently to 10 mm and 4.0 mm, respectively, with the other variables kept constant.
Results

FEA
Examples of the results of FEA are shown in Fig. 3 . The relationships between the bone quality and the location of the MES are shown in Fig. 4 .
The MES under the oblique load was greater than that under the vertical load. Under the oblique load, the equivalent strain was the largest in the trabecular bone around the bottom of the implant when T was less than about 0.45 GPa with the implant 10mm in length and 4.0mm in diameter.
When T was more than about 0.75GPa, the equivalent strain was the largest in the trabecular bone around the neck of the implant. When T was between these values, this location of the MES depended on C ( Fig. 4a ). However, when the maximum implant size (13mm in length and 6.0mm in diameter) was selected, the boundary value was approximately 0.45GPa regardless of C ( Fig. 4b ). Table 3 shows the results of the optimized calculation. The MES was maintained at less than 3000 microstrains by choosing a greater length or diameter for the implant, though the largest implant exceeded 3000
Response surface
Optimized calculation
microstrains when both C and T were small. When T was more than approximately 0.5 GPa, which corresponds to 589HU, the MES was limited to 3000 microstrains with smaller implants. Practically, it was 8mm in length or 3.5mm in diameter under the vertical load. When T was more than approximately 0.6 GPa, which corresponds to 626HU, the MES was limited to 3000 microstrains with the 3.5 mm diameter implant under the oblique load. Since the MES under the oblique load was greater than that under the vertical load, it was difficult to limit the MES to within 3000 microstrains with an implant having maximum D and L under the oblique load when T was under 0.5 GPa.
Discussion
Material properties of bone
In Misch's classification, [2] class D3 bone is composed of a thick, porous layer of cortical bone in the alveolar crest and fine trabecular bone under the cortical bone. This type of bone can be found in the anterior maxilla and the posterior mandible. Its strength is 50% of that of D2 bone, which appears to be just right, not too hard or too soft, and suitable for implants. Class D4 bone is too weak for dental implants without surgical pretreatment. However, there may be comparatively many options for implant size in the case of D3
bone. Therefore, we assumed that the bone was class D3 in this study and determined that the Young's modulus of the trabecular bone ranged from 0.1 GPa to 1.5 GPa, which corresponds to from 344 to 850HU, [7, 8] for the D3 bone.
In this study, trabecular bone was assumed to be homogenous and isotropic, which differs from patient-specific FE models [9, 10] into account as a limitation of this study. 14 
Loading conditions
In most FE studies [13] [14] [15] [16] , stress and strain in bone were evaluated under the maximum occlusal load or a larger load than that in our study. However, in the mechanostat theory, the assumed load is the "typical peak voluntary mechanical loads that refers to the largest repeated and intentional loads on bones exerted by intentional activities during a typical week or month". [5] If we apply this theory to evaluate strain in bone, the amount of load should be determined according to the largest masticatory force and be smaller than with maximum clenching.
Gibbs et al. [17] measured occlusal force using the sound transmission method and reported that maximum occlusal forces during chewing were generated during maximum intercuspation and averaged 26.7 kgf (262N). Although there were some variations in the inclination in previous FEA studies, a few measured values were reported in the literature [16] .
According to the lateral component of masticatory movement, it was considered to be impossible to avoid lateral force during mastication, even if occlusal contacts in lateral mandibular movements were not allowed.
Therefore, on the assumption of an implant prostheses for a defect of the first molar, and no occlusal contacts in lateral movement, we selected a oblique load with a small angulation of 15 degrees.
Mechanostat theory
We evaluated the equivalent bone strain as the absolute value based on the mechanostat theory of Frost [5, 6] . Based on experimental results, he advocated mechanical strain as the parameter determining bone remodeling.
He reported that 3000 microstrains approximately equals bone's yield point.
It was the threshold strain range that caused microscopic fatigue damage in bone, in and above which unrepaired damage could begin to accumulate.
This theory has been verified in an animal study with finite element analysis and reported to be efficient. [20, 21] It is the only criterion that is commonly used for absolute biomechanical evaluation of bone. [22] [23] [24] In their systematic review on the strain measurements in human bone, Al Nazer et al. [25] reported that most of the strains measured in vivo in different bones were generally within the physiological loading zone defined by the mechanostat theory. We therefore consider 3000 microstrains to be the physiological limit based on this theory.
FEA
From the results of FEA, we found that the MES occurred in the peri-implant bone around the bottom or the neck of the implant according to the difference in T, which is consistent with previous studies. [23, 24, 26] However, most FE studies [13-16, 22, 26-31] show the stress concentration around the neck of the implant. In these FE studies, Young's modulus of trabecular bone is approximately 0.5GPa or more with rare exceptions [24, 32] , in which the strain/stress concentration around the bottom of the implants is shown, although patients, whose trabecular bone of the mandible is assumed to have a Young's modulus of less than 0.5GPa do exist. From the response surface obtained, we found that bone strain decreased with increases of D and L. D played a more important role than L in reducing bone strain. Thus, more attention should be paid to implant diameter when the bone is of poor quality. Previous studies [34, 35] constructed response surfaces and showed the same tendency as our results. However, the maximum von Mises stresses, which they focused on, could only be evaluated qualitatively, not quantitatively, for biomechanical suitability. On the other hand, the maximum equivalent strain, which we focused on in this study, could be evaluated quantitatively from the viewpoint of the mechanostat theory. [5, 6] Therefore, we could suggest concrete sizes that might be clinically applicable for implants according to bone quality.
Comparing Figs. 4a and 5b , the relationship between the MES and its location became clear. When the MES was larger than 3000 microstrains, it always occurred in the bone around the bottom of the implant. Therefore, limiting the strain there might lead to improvement of the biomechanical condition of the bone around implants. 19 
Optimized calculation
The methods of optimization have been used in manufacturing industries and have been applied in the field of the dental implants recently. [27] [28] [29] 35] Optimization is the determination of the best answer to satisfy a constraint condition. Previous studies [22, 30, 31] reported the effects of diameter and length on implant stability and their importance for success. We found that, with increases of D and L, bone strain decreased, which is consistent with their studies. The optimized calculations provided a minimum size for the implant satisfying the conditions, but the implant size should also take other conditions into account (e.g., anatomical limitations). D3 bone seemed to be suitable for implants; however, based on our results, some D3 bone might be unsuitable for implants in the mandible with extremely thin cortical bone. It may be necessary to consider the condition of occlusion and other factors.
These results can be applied in the treatment planning and design for the implant. 
Limitations of the study
We investigated the relationships among bone quality, quantity, implant length and diameter from the perspective of biomechanics and found a certain tendency with regard to the MES. However, since the results of this study were obtained from simplified FE models, it was necessary to verify with patient-specific models using CT data, which vary with bone quality, and to compare our results with clinical prognoses. Although the present study proposes a minimized implant size with optimized calculation, it may be necessary to select a somewhat larger size clinically to ensure sufficient reliability and safety. It is necessary to verify the results of this study in relation to the decisions of clinicians based on their experiences.
On the other hand, since the success of the implant depends on several factors such as bone quality, bone quantity, bone structure, implant design, implant displacement and more, [22, 36] it would to be better to include their influences. This is a problem that remains to be investigated in the future studies.
In this study, we assumed perfect osseointegration between the bone and the implant. However, previous studies [37, 38] reported that about 50 to 80% bone-implant contact is commonly observed with clinically successful implants. Kurniawan et al. [32] investigated the biomechanics of peri-implant bone that had different degrees of osseointegration with FEA and reported that a higher degree of osseointegration induced higher stress but lower strain. However, the ratio between the maximum strain and yield strain was not so significantly changed. Based on their results, it may therefore be safer clinically to select a slightly larger implant than indicated by our results.
Conclusion
We proposed a minimum size for implants according to the thickness of the Fig. 5d 
